Abstract-Using a high-temperature superconductor, we constructed and tested a model superconducting fault current limiter (SFCL). The superconductor and the vacuum interrupter as the commutation switch were connected in parallel using a bypass coil. When the fault current flows in this equipment, the superconductor is quenched and the current is transferred to the parallel coil because of the voltage drop in the superconductor. This large current in the parallel coil actuates the magnetic repulsion mechanism of the vacuum interrupter. Due to the opening of the vacuum interrupter, the current in the superconductor is broken. By using this equipment, the current flow time in the superconductor can be easily minimized. On the other hand, the fault current is also easily limited by large reactance of the parallel coil.
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I. INTRODUCTION

F
AULT current limiter (FCL) is equipment thatswiftly limits the large fault current of a power system. Using a high-temperature superconductor (HTS), a superconducting fault current limiter (SFCL) was constructed and tested by several research institutes [1] - [3] . We studied and created the prototype of a resistive type SFCL that has simple architecture. By applying SFCL to the power system, the costs of upgrading a backup circuit breaker and line separation or reorganization of the power system are reduced. Additionally, improvement in reliability and stability of the power system is expected.
Many reports on SFCL have already described current limiting behavior or basic theory. Some of the large HTS-FCL project should be cited, e.g., the work done by Nexans and Siemens in Germany [4] . Applying the SFCL to meet such requirements creates significant problems with costs and capability. At present, the superconducting element is more expensive than other equipment. The cost of the superconducting element and refrigeration accounts for a large percentage of the price of SFCL. Therefore, if SFCL greatly increases in size, the costs of the SFCL may exceed the cost to improve the circuit breaker or to restructure the power systems.
In this paper, we explore the necessity of the SFCL from the perspective of the circuit-breaker. And we investigate a model SFCL constructed to have the operation performance of a circuit breaker by reducing the current flow time in the superconductor using the electromagnetic repulsion plate (ERP) and a conventional vacuum interrupter (VI).
II. INVESTIGATION OF SFCL
A. Needs of SFCL From Back up Breaker
Because a SFCL can reduce the fault current so effectively, it has been studied by various institutes. However, due to the following, a reconsideration of these studies on current is necessary.
It is not difficult to interrupt a large current using an SF gas circuit breaker and a vacuum breaker. If there was sufficient demand, the 200 kA class circuit breaker could be developed [5] - [8] . But in this case, it is possible that the large fault current will break the equipment, insulator sets, transformers, disconnecting switches, etc., which are connected in series to large capacity circuit breakers. Using SFCL that can decrease the large fault current itself will solve this problem. However, it is important that the SFCL is less expensive than the cost of the equipment needed to replace it.
Usually, the backup breaker is designed to perform high speed reclosing [9] . High-speed reclosing involves the following actions. After the fault current is interrupted, the backup breaker is reclosed within 0.35 s. If the fault has yet to be removed, it reopens rapidly. And after 1 min, it is closed again. Again, if the fault has not yet been removed, it reopens again. For the following reason, the backup breaker has been designed as follows. When a fault occurs, the fault is sometimes repaired by simply interrupting the circuit. Therefore, the back up breaker is installed to perform this function. As the fault current is not interrupted by the SFCL, using the back up circuit breaker is also necessary. Furthermore, the current of a superconductor should be interrupted as swiftly as possible to prevent the superconductor from overheating. A breaker that can interrupt within 0.5 cycle is called a high-speed circuit breaker. But the conventional back up breaker takes about 3-5 cycles to achieve current interruption, and it is very difficult to interrupt within 0.5 cycle. Also SFCL must be recovered to the superconducting state by the time the power transmission is started again. Therefore, it is better that the recovery time of superconducting be as short as 1051-8223/$20.00 © 2006 IEEE possible. And to achieve this, it is better that consumption energy of the superconductor be as small as possible. Thus, after limiting the fault current, the current in the superconducting elements should be interrupted as soon as possible and should be as small as possible. Our proposed SFCL fulfills the above two requirements. It is a system whereby fault current is removed from a superconducting element immediately to reduce its energy consumption when it quenches and starts limiting operation. It is advantageous for reclosing to interrupt the current in the superconducting elements by the high-speed circuit breaker and to reduce the recovery time of the superconductor. In this way, the heat load becomes small and no other energy is required to move the high speed circuit breaker. Of course, it is necessary to interrupt a limited current to remove a fault, but in this case, an existing back up breaker can be used. The SFCL described here can separate a superconducting element electrically from a power system within 0.5 cycle by combining the superconducting element and electromagnetic repulsion type high-speed circuit breaker. Thus, if the load of the superconductor can be decreased using this system, the size of the superconductor will be decreased. And as a result, the entire cost of the SFCL will be reduced.
B. Investigation of SFCL
We examined the simple structure resistive type SFCL (shunting type). In this structure, superconducting elements and limiting impedance are connected in parallel [10] . However, the superconducting element may be damaged by large joule heat of an excessively large current, if the superconductor cannot be separated from the fault current immediately. Therefore, it is necessary to use a high speed circuit breaker with this composition [11] . Thus, we focused our attention on the breaker of the electromagnetic repulsion drive and examined a shunt type SFCL that can make the breaker work by using the magnetic force between currents in the coil and the electromagnetic repulsion plate (ERP) immediately after a fault has occurred. Fig. 1 shows the photograph and the circuit composition. In the configuration of this SFCL, the superconducting element and a conventional VI shown in Fig. 1 are connected in series, and the coil that limits impedance and drives the interrupter at high speed was connected to them in parallel. It is a well-known fact that there is improvement in the capability of the VI applying a magnetic field in parallel with the arc [6] , [12] . The contact point of VI is, therefore, placed in the parallel coil.
The VI is driven by an ERP fixed to a movable rod of the VI being insulated from the circuit. After generating the system fault, the ERP is pushed using the magnetic field generated by the current that flows to a parallel coil at the same time as the superconductor is quenched. Achievement of a high-speed switch with easy structure prevents the superconducting element from being used as the limiting impedance and instead allows a parallel coil to become the limiting impedance using the superconducting element as the trigger. And the consumption energy of the superconductor in the shunt type SFCL is then reduced.
III. CURRENT LIMITING TEST
In this paper, we use three types of superconductor: Bi2223 silver sheath wire, quench melt growth (QMG) bulk element, and YBCO thin film. Each superconductor has a different advantage. Regarding Bi2223 silver sheath wire, it is easy to produce a long wire. And km-class Bi2223 wire may already have been made. The QMG bulk element has a large sectional area. It is able to carry a large current. YBCO thin film is a high Jc superconductor and its electrical resistivity is very high. So by using the YBCO thin film, it was possible for SFCL to be reduced in size. We made a prototype model, as shown in Fig. 1 . And using these three types of superconductors, we conducted experiments to interrupt the current of the superconducting element using the VI driving ERP. 
A. SFCL Experiment Using the Superconducting Coil
In this experiment, we used the superconducting coil as the superconducting element in Fig. 1 . The superconducting coil is a solenoid form of a noninductive structure and made of Bi2223 silver sheath wire. Its specifications are shown in Table. I. The experimental circuit is shown in Fig. 2 . By a Capacitor 1 charging voltage of 600 V, direct current below the critical current of the superconducting coil is achieved by operating Closing Switch 1
. Next, simulating a short circuit fault, Closing Switch 2 is closed. The charging voltage of Capacitor 2 can control this short circuit current value. Then the circuit breaker (CB) is opened and the current flow in the SFCL is interrupted within the 0.5 cycle. The CB was 3-5-cycle backup breaker. But, by inputting the actual signal to the CB earlier than operating Closing Switch 1, the current flow in the experimental circuit is interrupted within 0.5 cycle. In this experiment, we used two superconducting coils connected in series. Fig. 3 shows the case in which the charging voltage on is 120 V. ERP begins to move when the current of the parallel coil exceeds 500 A, and the current flow in the superconducting coil is interrupted by driving a VI within the 0.5 cycle. The current in the superconducting coil is equivalent to the circuit current just after operating , and limited by a quench of the superconducting coil. After the occurrence of a quench, the superconducting coil becomes a serial circuit composed of resistance and very little reactance by circuit wiring. And the current in the superconducting coil is synchronized with its voltage. The current of the superconducting elements after a quench is increased, but suddenly decreased. The reason of the kink in superconducting coil current is the voltage drop of arc in the VI. At the time of large short circuit current flow, the VI is driven by the ERP with a large repulsive force. But in the case of small fault current flow, interruption of the current in the superconducting coil is not expected for a very slow stroke of the VI. In this case, the current in the superconductor keeps flowing until there is interruption by the backup circuit breaker. And the recovery time from normal-conduction state to superconducting state is affected by the thermal capability of the superconducting coil. Further consideration of this matter is a future assignment. In addition, since Bi2223 silver sheath wire has low resistance, long length is necessary to obtain the specified resistance. Therefore, when constructing an SFCL that is applied to a real power system, the size of the superconducting coil is greatly increased.
B. SFCL Experiment Using the Bulk Elements
We used the superconducting bulk elements made by the QMG method, as shown in Fig. 4 , [13] . QMG bulk consists of YBCO. In the experiment, six elements connected in series were used and the critical current of these was variable from 350 A to 530 A. The electrical resistively of QMG was m at 100 K. In this experiment, capacitor was increased to increase the current and some inductance was put to adjust the frequency: Also, a different VI with a larger current rating was used. This VI had a stopper mechanism that could hold the contacts open after the current in the parallel coil fell to zero, to prevent the HTS element from receiving any more current until the 3-5-cycle CB operated. Using C-R discharge circuit, the time during which direct current below the critical current of the QMG bulk element was applied was 8 ms. Next, simulating a short circuit fault, 1 cycle of the main current of 4 kA peak with a frequency of 60 Hz was applied using an inductance capacitance (L-C) resonance circuit. The charging voltage of the capacitor (164 000 F) in an L-C resonance circuit is 85 V, and that of the capacitor (500 F) in a C-R discharge circuit is 2300 V. Direct current is flowed to confirm that the QMG bulk is in the superconducting state.
The circuit current is measured by a coaxial shunt, and a current sensor using a hall element measures the current of the parallel coil. The current of the QMG elements is calculated from the circuit current and the current of the parallel coil. Fig. 5 shows an oscillogram of the experiment. It shows the current in each part of the circuit and the ERP stroke. During the first 8 msec of prefault current, the QMG elements are superconducting, with only a slight voltage drop due to contact resistance. Above 2200 Apeak, the QMG bulk starts to quench. Then, the current in the QMG elements is commutated to the parallel coil and the value of the circuit current is limited from 4000 Apeak to 2500 Apeak. Because of the contact resistance of VI, the current of the parallel coil flows just after a fault occurs. ERP begins to move at around 3 msec after a quench, and the current flow in the QMG elements is interrupted at 7 ms. The maximum value of VI stroke is 4 mm and the stopper of the VI mechanism maintains its stroke at 3.5 mm. The average voltage per length across the QMG element is about 0.9 Vrms/cm. As a result, the high-speed circuit breaker is faithfully driven by ERP. And we confirmed that the high-speed circuit breaker limits the heat of QMG elements and our proposed SFCL certainly works.
In the case of the QMG element, it is easy to increase the size of its cross section. Therefore, its current capacity is also large. The resistance value of the QMG bulk element is higher than the superconducting coil using Bi2223 silver sheath wire and the size of the superconductor required for SFCL can be reduced.
C. SFCL Experiment Using the Superconducting Thin Film
As shown in Fig. 6 , YBCO thin film with a width of 20 mm, a thickness of 0.25 m and an effective length of 10 mm is used in the experiment. This film is formed on a CeO buffer layer built onto a substrate of sapphire and silver electrodes about 0.3 m in thickness are deposited at both ends of the film. Fig. 7 shows the experimental oscillogram. We used a power source of 50 Hz and applied a fault current connecting only the prototype model SFCL. The value of fault current was about 2 kA. In Fig. 7 , most of the current shunts to a parallel coil at the same time as the YBCO thin film's quenching, the ERP is driven, and the current of the YBCO thin film is interrupted about 5 ms later. This result shows that the resistance of YBCO thin film (20 20 0.5 mm ) is higher than that of the superconducting coil made of Bi2223 silver sheath wire (56 m long). And the refrigeration area reduces in size.
The critical current of YBCO thin film is 115A and the resistance after a quench is about 2.5 . This resistance value of YBCO thin film is over ten times higher than the Bi2223 silver sheath wire coil and over five times higher than QMG bulk. SFCL is smallest when using the YBCO thin film with no metal bypass. In general, YBCO thin film is used with metal bypass, which has low resistance to prevent film burning. Therefore, increasing the resistance of thin film after a quench to avoid film burning is an important research consideration.
IV. SIMULATION OF ADAPTING SFCL TO THE BASIC 500-KV LINES
A. Calculation Model of SFCL
In this section, we explain the method for selecting the interrupter and the superconducting element adapted to the order of the power system for our proposed SFCL. In this model, we assume that the line voltage is 500 kV, the rated current is 8 kA, the fault current is 100 kA, the limited current is about 63 kA, and the critical current is kApeak. The maximum inrush current of power system is twice the steady current. For this reason, the root mean square critical current was twice the rated current. Thus, the current and voltage that are not written as a peak value are assumed to be the effective value. 
Required Performance of SFCL:
In this model, the short circuit impedance is about 2.89 and the required impedance of SFCL is about 1.7 (Fig. 8) . The applied voltage between each side of the parallel coil becomes about 107 kV if 63 kA is flowed in it at the short circuit. Therefore, the rated voltage of the interrupter connected to the superconductor in series must exceed this value. From the above condition, the superconductor and the interceptor are selected.
Selection of the Commuting Switch: It is preferable to be able to pull the contact using small driving energy because the electrode in the interrupter is driven by the magnetic energy of the current that flows to the parallel coil. Therefore, it is appropriate to use VI having an excellent interception performance in a short gap length. In this case, the 145 kV class VI with a rated voltage of 107 kV or more is applied [14] .
Selection of Superconducting Element: To select the superconducting element, it is necessary to consider its critical current, resistance after S/N transition to shunt to the parallel coil, resistance voltage, and heat capacity. However, we only consider the resistance because providing a more detailed explanation strays from our focus. The necessary resistance of a superconductor after quench is calculated from the rated breaking current of VI. If 145 kV class VI is used for interrupting 40 kA, its resistance is about 1.8 . It requires the 1.8 to limit the fault current (100 kA) under the rated short-circuit breaking current of VI (40 kA). The computer simulation of the power system calculated this value. And the necessary dielectric resistance voltage of the superconductor exceeds 72 kV from the product of 40 kA and 1.8 .
We calculated the amount of the superconducting element on the presumption that the YBCO thin films shown in the previous section were used. The critical current value is about 115 Apeak in those films by a width of 20 mm, a length of 10 mm and a resistance after quench of about 2.5 . To obtain the necessary capacity 198 elements must be connected in parallel, and 143 elements connected with the series, respectively (Fig. 9) . However, there is a problem of the voltage distribution and the current regarding the serial-parallel connection in the supercon- ducting element. But as these issues are out of the scope of this study, they have not been considered here. Table. II shows the result of the calculation. In this table, the area of the necessary superconducting elements is shown when the SFCL of this composition is set up in a 500 kV system.
B. Consideration of Adapting SFCL
In the preceding sentence, the specification of the SFCL was calculated when the SFCL was set up in the power system, and the line voltage was 500 kV, the maximum short-circuit current was 100 kA. In recent years, by improving the thin film technology of the oxide superconductor, there has been a tendency to shift to the method of using parallel shunts has been well established to prevent the thin film being damaged. But in this method, the resistance of the superconductor is drastically decreased. Consequently, it is important to increase the resistance of the superconducting element while maintaining its durability.
V. CONCLUSION
We studied the need for SFCL from the standpoint of the function of a back up breaker using our model SFCL. The following conclusions were thus obtained.
1) Using any superconductor, Bi2223 wire, YBCO bulks and YBCO thin films, an electromagnetic repulsion type highspeed circuit breaker can operate and interrupt the current of a superconductor within the 0.5 cycle after the occurrence of a fault. 2) In comparing YBCO thin film with Bi2223 silver sheath wire and QMG bulk, YBCO thin film has the largest resistance followed by that of the QMG element. Therefore, using the YBCO thin film yields the smallest SFCL. We proposed a new concept SFCL to shunt the current of the superconductor to a parallel coil immediately. Our proposed model has a simple architecture and can keep the load of the superconductor to a minimum. Therefore, the size and cost of the superconductor can be reduced.
